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Abstract
The possible existence of light and heavy sterile neutrinos may give rise to direct and
indirect unitarity violation of the 3 × 3 lepton mixing matrix respectively. In the current
work we study the potential of future accelerator neutrino facilities in probing the unitarity
violation effects. Taking DUNE, T2HK and a low-energy Neutrino Factory (LENF) as
working examples of future accelerator neutrino facilities, we study the distinct effects of
direct and indirect unitarity violation on the discovery reach of the leptonic CP violation and
precision measurements of θ23 in the three neutrino framework. In addition, constraints on
the additional mixing parameters of direct and indirect unitarity violation are also discussed.
Finally, we stress that the combination of experiments with different oscillation channels,
different neutrino beams and different detector techniques will be an effective solution to the
parameter degeneracy problem and give the robust measurement of leptonic CP violation
even if the direct and indirect unitarity violation are taken into account.
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I. INTRODUCTION
The experimental establishment of neutrino oscillations [1, 2] requires non-zero neutrino
masses and non-trival lepton mixing. With current data from solar, atmospheric, reactor and
accelerator neutrino oscillation experiments [3], we can define a standard three neutrino oscil-
lation framework with two independent mass-squared differences, where the solar (SOL) and
atmospheric (ATM) mass-squared differences are given as ∆m2SOL = ∆m
2
21 ' 7.5× 10−5 eV2
and ∆m2ATM = |∆m231| ' |∆m232| ' 2.4 × 10−3 eV2 respectively. The sign of ∆m231 is still
unknown and referred as the neutrino mass ordering problem. Regarding the lepton flavor
mixing, it is described by a 3 × 3 unitary matrix, the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix [4, 5], which in the standard parametrization [3] can be described in terms
of three mixing angles (i.e., θ12, θ23, θ13) and one CP-violating phase (i.e., δ). At present,
we have acquired good knowledge for the three mixing angles, but only limited information
on the CP-violating phase. Therefore, measurements of the neutrino mass ordering and
the CP-violating phase are the primary goal for future neutrino oscillation experiments. In
addition, precision measurements of neutrino oscillations also give us opportunities to test
the completeness of the three neutrino oscillation framework and to search for new physics
beyond the Standard Model.
Additional sterile neutrino states, no matter whether they are heavy or light, will result
in the unitarity violation of the 3× 3 PMNS matrix if they are mixed with the three active
neutrinos. The anomalies from short baseline neutrino oscillation experiments have provided
interesting hints for the existence of light sterile neutrinos [6–10]. On the other hand, sterile
neutrinos at the keV scale are excellent candidates for the warm dark matter [11–14]. From
the theoretical point of view of the neutrino mass generation, sterile neutrinos are regarded
as natural ingredients of the canonical seesaw models [15–19]. However, the number of sterile
neutrinos is arbitrary and the corresponding mass scale could range from the sub-eV scale
to the scale of the Grand Unification Theories (GUTs) of 1015 GeV.
For low energy neutrino oscillation phenomena, unitarity violation [20–29] is a generic
consequence of sterile neutrinos and therefore can be probed in the precision measurements
of the neutrino oscillation experiments. When sterile neutrinos are heavy and kinematically
forbidden in the neutrino production and detection processes, they only have indirect effects
on the 3 × 3 PMNS matrix, which is defined as indirect unitarity violation (IUV) [21, 23,
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26, 28, 29]. In contrast, when the sterile neutrinos are light and participate in the neutrino
production, oscillation and detection processes, their direct effects on the the 3 × 3 PMNS
matrix will be very different from the heavy case. We define this scenario as the direct
unitarity violation (DUV) [21, 23, 26, 28, 29]. Strictly speaking, the boundary of the mass
scale for the IUV and DUV scenarios is process dependent [26, 28, 29], but roughly it is
located at the electro-weak interaction scale.
In a previous work done by one of the present authors [26], we have derived the neutrino
oscillation probabilities in matter with a constant density considering direct and indirect
unitary violation in the lepton mixing matrix. Analytical approximation and numerical cal-
culation for the distinct effects of the DUV and IUV are discussed. In the current work we are
going to study the potential to probe the DUV and IUV effects in future accelerator neutrino
facilities. Taking the Deep Underground Neutrino Experiment (DUNE) [30], the Tokai-to-
Hyperkamiokande experiment (T2HK) [31] and a low energy Neutrino Factory (LENF) [32]
as the representative examples, we employ the GLoBES software package [33, 34] to simulate
the aforementioned experiments, and discuss the distinct features of the DUV and IUV in
the measurements of the lepton CP violating phase and the θ23 octant. We also discuss the
experimental sensitivity to constrain the new mixing parameters induced by the DUV and
IUV effects.
This work is organized as follows. In section 2 we briefly discuss the theoretical framework
of neutrino oscillations in the presence of the DUV and IUV. In section 3, we describe the
main setups of the considered experiments and their realization in GLoBES. The simulation
results and physics interpretations are presented in detail in section 4. Finally we summarize
in section 5.
II. THEORETICAL FRAMEWORK
In this work, we consider the simplest (3+1+1) scenario with two additional species of
sterile neutrinos, of which one is the light sterile neutrino and the other one is the heavy
sterile one 1. Fig. 1 shows two possible cases for the mass ordering of three active neutrinos,
1 If we consider the canonical seesaw realization of the neutrino mass generation [15–19], there will be at
least two heavy sterile neutrinos. Here we take the phenomenological 3+1+1 model to make the discussion
as simple as possible. Effects of the scenarios with arbitrary numbers of light and heavy sterile neutrinos
3
FIG. 1: The mass ordering schemes of the phenomenological 3+1+1 model in the current study.
where we consider both the light and heavy sterile neutrinos. Note that in the current work
we only discuss the case of the normal mass ordering. the DUV and IUV effects for the case
of the inverted mass ordering are similar to the normal mass ordering case.
In the (3+1+1) scenario, the full neutrino mixing is parametrized by a 5 × 5 unitary
matrix U , which can be decomposed as [35, 36]
U =
1 0
0 U0
A R
S B
V0 0
0 1
 =
 AV0 R
U0SV0 U0B
 , (1)
where U0 and V0 are the unitary matrices while A, B, R and S are not, 1 and 0 stand for
the identity and zero matrices respectively. The detailed discussions of these matrices can
be found in Ref. [35]. The matrix V0 in Eq. (1) can be parametrized using the standard
parametrization as [3]
V0 =

c12c13 s12c13 s13e
−iδ
−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13
 . (2)
are the same as this simplest case.
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To the order of s2ij (i = 1, 2, 3 and j = 4, 5), A and R can be approximately written as [35]
A ' 1−

1
2
(
s214 + s
2
15
)
0 0
sˆ14sˆ
∗
24 + sˆ15sˆ
∗
25
1
2
(
s224 + s
2
25
)
0
sˆ14sˆ
∗
34 + sˆ15sˆ
∗
35 sˆ24sˆ
∗
34 + sˆ25sˆ
∗
35
1
2
(
s234 + s
2
35
)
 , R '

sˆ∗14 sˆ
∗
15
sˆ∗24 sˆ
∗
25
sˆ∗34 sˆ
∗
35
 , (3)
where sij ≡ sin θij, cij ≡ cos θij and sˆij ≡ eiδij sin θij with θij and δij are the rotation and
phase angles, respectively. Note that although there are 6 additional mixing angles and 6
phases in A and R, only 6 mixing angles and 4 independent phases will affect the low energy
neutrino oscillation experiments. The other two independent phases are of the Majorana
type and do not appear in the neutrino oscillations [37]. These parameters can be divided
into two separated groups:
• (θ14, θ24, θ34) and (δ14, δ24 δ34) are parameters of the DUV describing the mixing
between three active neutrinos and the light sterile neutrino. Since the light sterile
neutrino can be produced and detected in the low energy experiments, these parame-
ters will also appear in the neutrino oscillation probabilities as those standard mixing
parameters.
• (θ15, θ25, θ35) and (δ15, δ25, δ35) are the IUV parameters that describe the mixing
between three active neutrinos and the heavy sterile neutrino. The IUV affects the
processes of neutrino production and detection, and therefore induce the zero-distance
effects [38–40] in the neutrino oscillations.
To discuss the low energy phenomena of neutrino oscillations, the heavy sterile neutrino is
not accessible and needs to be integrated out. Therefore we are left with a 4×4 non-unitary
mixing matrix describing the mixing of three active neutrinos and a light sterile neutrino:
νe
νµ
ντ
νs
 = U

ν1
ν2
ν3
ν4
 =

Ue1 Ue2 Ue3 Ue4
Uµ1 Uµ2 Uµ3 Uµ4
Uτ1 Uτ2 Uτ3 Uτ4
Us1 Us2 Us3 Us4


ν1
ν2
ν3
ν4
 , (4)
where U is just the 4 × 4 left-up truncated sub-matrix of the full 5 × 5 mixing matrix
U . One can use U to calculate the oscillation probabilities in vacuum and in matter for
the (3+1+1) mixing scenario, where both the analytical approximation and the numerical
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calculation can be found in Ref. [26] by turning off the mixing parameters of the second
heavy sterile neutrino. In the current study, we use the full numerical method to calculate
the neutrino oscillation probabilities in matter.
III. EXPERIMENTAL SETUPS
In this section we first describe the simulation details for DUNE [30], T2HK [31] and the
LENF [32], which are shown in Tab. I with the neutrino beam sources, detector setups and
systematics and the running information provided.
DUNE is a next-generation long baseline accelerator neutrino experiment with the pri-
mary goal of measuring the lepton CP-violating phase and the neutrino mass ordering. In
our simulation, we take a proton intensity power of 1.07 MW as the nominal neutrino beam
configuration. The energy range of the neutrino beam is from 500 MeV to 10 GeV, and
the energy peak is located at around 3 GeV. We consider a Liquid Argon Time-Projection
Chamber (LArTPC) detector with 40 kton fiducial mass as the far detector 1300 km away
from the beam source and a near detector of 5 ton located at a baseline of 575 m. For the
energy resolution, we take the simulated migration matrices from the DUNE collaboration
as our inputs. Finally we assume seven years of the nominal running time with 3.5 years
of the neutrino mode and 3.5 years of the antineutrino mode. The T2HK experiment at
Japan with a baseline of 295 km is an upgrade of the ongoing T2K experiment, which will
use a Water Cherenkov (WC) detector with a target mass 10 times larger than the exist-
ing Superkamiokande (SK) detector. For our reference study a fiducial volume of 380 kton
for two tanks (one tank for the first six years) with an energy resolution of 8.5%/
√
E is
considered here, and the JPARC neutrino beamline is assumed to have a proton power of
1.3 MW from the beginning of T2HK. As for the near detector a fiducial mass of 20 ton
at the baseline 280 m is assumed. Meanwhile, we assume ten years of data taking with six
years of running for the first tank and four years of running for two tanks. The ratio for
the neutrino and antineutrino modes is one to three. Regarding the LENF [32], we assume
the muon beam of 5 GeV with 10.6 × 1020 useful muon decays per year for each polarity.
We take a baseline of L = 1200 km for the LENF and and consider a magnetized Totally
Active Scintillator Detector (TASD) [32] with the fiducial mass of 20 kton and an energy
resolution of 15%/
√
E. In addition, a near detector with the fiducial mass of 13 ton at the
6
Experiments T2HK DUNE LENF
Neutrino beam
1.3 MW power,
2.7× 1021 POT/yr
1.07 MW power,
1.47× 1021 POT/yr
stored muons:
10.66× 1020/yr,
Eµ = 5 GeV
Detector
(fiducial mass)
WC (190 kton/1 tank) LArTPC (40 kton) TASD (20 kton)
Baseline 295 km 1300 km 1200 km
Energy resolution 8.5%/
√
E Migration matrices 15%/
√
E
Runtime
ν 1.5 yrs + ν¯ 4.5 yrs with 1 tank
ν 1 yrs + ν¯ 3 yrs with 2 tanks
ν 3.5 yrs + ν¯ 3.5 yrs ν 4 yrs + ν¯ 4 yrs
Energy range 0.4 GeV to 1.2 GeV 0.5 GeV to 10 GeV 0.5 GeV to 5 GeV
Normalization
error on signal
2.5% (all channels) 1% (all channels) 2% (all channels)
Normalization
error on backgroud
5% (appearance channels)
20% (disappearance channels)
5% (all channels) 2% (all channels)
backgound sources
flavor misidentification;
NC events;
charge misidentification
flavor misidentification;
NC events;
intrinsic background
charge misidentification;
NC events
channels
νe(ν¯e) appearance
νµ(ν¯µ) disappearance
νe(ν¯e) appearance
νµ(ν¯µ) disappearance
νµ(ν¯µ) appearance
νµ(ν¯µ) disappearance
νe(ν¯e) appearance
TABLE I: Simulation details for T2HK, DUNE and the LENF in the current work.
effective baseline of 2.28 km is assumed in our simulation [41].
In the simulation, we employ the GLoBES software package [33, 34] to simulate the
aforementioned experiments. The oscillation parameters of the three neutrino oscillation
framework are take from Ref. [42], which gives the fitting of oscillation parameters as ∆m221 =
7.50×10−5 eV2, ∆m231 = 2.524×10−3 eV2, θ12 = 33.56◦, θ13 = 8.46◦, θ23 = 41.6◦ and δ = 261◦
(or ∆m221 = 7.50× 10−5 eV2, ∆m232 = 2.514× 10−3 eV2, θ12 = 33.48◦, θ13 = 8.49◦, θ23 = 50◦
and δ = 277◦) for the normal ordering case (or the inverted ordering case). We take the
Earth crustal matter density as 3 g/cm3 and the electron fraction to be 0.5 in the simulation.
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FIG. 2: Exclusion curves in the sin2 2θ14–∆m
2
41 plane at the confidence level (C.L.) of 2σ obtained
from the near detectors (ND), far detectors (FD) and their combinations of DUNE (left panel),
T2HK (middle panel) and the LENF (right panel), respectively. The latest exclusion limits from
the Daya Bay reactor neutrino experiment [48] is given as the grey shadowed region.
To have a clear illustration on the distinct DUV and IUV effects, our DUV framework defines
with θ15 = θ25 = θ35 = 0, and the IUV scheme takes θ14 = θ24 = θ34 = 0. In the general case,
both θi4 and θi5 (i = 1, 2, 3) will be arbitrary in the DUV+IUV framework. To further reduce
the number of parameters, the simplified scenarios with θ14 = θ24 = θ34 or θ15 = θ25 = θ35 are
considered in our calculation. The values of the corresponding DUV and IUV parameters
will be assigned in the next section when needed.
IV. SIMULATION RESULTS
In this section, we present our simulation results of DUNE, T2HK and the LENF in the
presence of the DUV and IUV effects. First, we start with a discussion on the potential
to probe the DUV effects parametrized as a light sterile neutrino using both the near and
far detectors [43–47] of the three experiments. To simulate, we generate the neutrino event
spectra using the standard three neutrino oscillation paradigm. When fitting the data, we
carry out the analyses with two different hypotheses: the DUV case (the DUV parameters
θ14 and ∆m
2
41 are scanned in their allowed regions) and the DUV+IUV case (the DUV
parameters θ14 and ∆m
2
41 are scanned in the allowed regions, and the IUV parameters are
fixed with θi5 = 5
◦ for i = 1, 2, 3). In Fig. 2, sensitivities to the DUV parameters obtained
from the near (far) are given with the dashed black (red) curves. In addition, sensitivities
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FIG. 3: Exclusion limits of sin2 2θ14– sin
2 2θ24 for DUV (sin
2 2θ15– sin
2 2θ25 for IUV) obtained from
DUNE (left panel), T2HK (middle panel) and the LENF (right panel). The C.L. is 2σ for two
degrees of freedom.
to the DUV parameters are also shown with (dashed blue lines) and without (solid black
lines) the IUV effects using the combination of the near and far detectors. Comparing the
dashed black and red curves, one can observe that the oscillatory behavior of the DUV
effect with ∆m241 & 0.1 eV2 only appears at the near detector and will be averaged out
at the far detector. Therefore, the far detector can only constrain the mixing angles θi4
(i=1,2,3) rather than the additional mass-squared difference, which will induce significant
degeneracy between the DUV and IUV effects. On the other hand, at the far detector,
we can obtain another observable signal of spectral distortion for the smaller mass-squared
difference with ∆m241 . 0.1 eV2. In order to illustrate the distinct features of DUV and IUV
effects respectively, we will take the additional mass-squared difference of the light sterile
neutrino as ∆m241 ' 5 × 10−3 eV2. Furthermore, when we simultaneously consider both
effects in the DUV+IUV framework, a stronger exclusion limit to θ14 is obtained compared
to the DUV case.
After fixing the value of ∆m241, we are going to discuss the potential to constrain the
active-sterile mixing of the DUV and IUV effects at DUNE, T2HK and the LENF using
their far detectors. In Fig. 3, we present the sensitivities to the mixing parameters (sin2 2θ14,
sin2 2θ24) or (sin
2 2θ15, sin
2 2θ25) for the DUV (solid black lines) and IUV (dashed red lines)
effects respectively. In general, one can find that future accelerator facilities have better
limits on the DUV mixing parameters rather than those of the IUV. This is because light
sterile neutrinos in the DUV scenario can induce both the rate and spectrum signatures
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in the far detector but only rate deficit can be observed for heavy sterile neutrinos in the
IUV case. The only exception is for the region of sin2 2θ14 > 0.3 (or sin
2 2θ15 > 0.3) in
DUNE. This property can be explained by the differences of normalization uncertainties in
the experimental oscillation channels. In addition, one can observe that the limits to θ24 (θ25)
are stronger than those of θ14 (θ15). This can be illustrated by the oscillation probabilities. In
the appearance channels, θ14 and θ24 (or θ25 and θ25) contribute equally to the leading term
of the neutrino transition probability. However, in the νµ and ν¯µ disappearance channels,
the leading contribution of the survival probability is from θ24 and θ25, while θ14 and θ15
are left with marginal effects in the sub-leading terms. Regarding the unitarity violation
test, we can obtain the levels of 0.06, 0.01 and 0.02 for the quantities of [1 −∑3i=1 |Uei|2],
[1−∑3i=1 |Uµi|2] and [∑3i=1 UeiU∗µi] at the 2σ confidence level (C.L.) respectively.
Next we are going to discuss the DUV and IUV effects in the measurements of θ23 and
the CP-violating phase δ in future accelerator neutrino facilities. Current measurements of
nearly maximal θ23 have been obtained in the atmospheric neutrino experiments [49] and
long baseline accelerator neutrino experiments [50, 51]. However, whether θ23 is smaller
or larger than 45◦ remains the θ23 octant problem which is one of the main goal of future
accelerator neutrino facilities. The DUV and IUV effects may have significant effects on the
measurement of the θ23 octant [52, 53]. Fig. 4 shows the allowed regions of θ23 and δ from
the fits of the simulated data of DUNE only (first column), T2HK only (second column),
the combination of DUNE and T2HK (third column) and the LENF (fourth column), re-
spectively. The upper panel illustrates the standard scenario of three-neutrino mixing, and
the middle and lower panels are shown for the cases of DUV and IUV frameworks. The
best-fit values are indicated with red points. In all panels the simulated data are generated
with the standard three neutrino framework. The upper, middle and lower panels illustrate
the fitting results within the frameworks of the standard three neutrino mixing, DUV and
IUV, respectively. For the DUV and IUV frameworks, the additional mixing angles θ14 and
θ15 are scanned in the range of [0
◦, 10◦] and the new CP-violating phase δnew changes in the
range of [0◦, 360◦].
In the upper panel of the three neutrino mixing framework, DUNE, T2HK and LENF can
determine the θ23 octant at more than 3σ C.L., but DUNE has larger uncertainties for θ23
and δ than T2HK and the LENF because of its relatively lower statistics. On the precision
of the oscillation parameters, T2HK can have the most accurate measurement of θ23 and
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FIG. 4: Allowed region of the θ23–δ parameter space for DUNE only (first column), T2HK only
(second column), the combination of DUNE and T2HK (third column) and the LENF (fourth
column). The black, green and blue lines represent 1σ, 2σ and 3σ C.L., respectively. The upper,
middle and lower panels represent the frameworks of the standard three neutrino mixing, DUV
and IUV, respectively.
the LENF has the best sensitivity on δ. For the DUV scenario as shown in the middle panel
of Fig. 4, the presence of the light sterile neutrino can not destroy the determination of
the θ23 octant at the 3σ C.L.. In the middle panel we can also observe that the precision
of δ will be reduced in the DUV scenario. This is because additional CP-violating phases
from active-sterile neutrino mixing can mimic the CP violation effect in the standard case.
In the lower panel of Fig. 4 we illustrate the IUV effects on the determination of the θ23
octant. It is noted that the introduction of the IUV effect will induce degenerate solutions
in the opposite octant region at the 1σ C.L. for DUNE and 2σ C.L. for T2HK. However, the
LENF is rather robust against the degenerate solution at better than 3σ C.L.. The different
effects of the DUV and IUV can be understood by the fact that IUV can only induce rate
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FIG. 5: Discovery reach of the standard-like CP-violating phase δ for DUNE only (first column),
T2HK only (second column), the combination of DUNE and T2HK (third column) and the LENF
(fourth column). The upper and lower panels represent the frameworks of the DUV and IUV,
respectively.
corrections to the three neutrino oscillation, but DUV contributes both rate and spectrum
signatures to the experimental measurements. Note that our DUV effect on the θ23 octant
is different from that in Refs. [52, 53] in the presence of the eV-scale sterile neutrino. The
relatively larger mass-squared difference ∆m241 in Ref. [52, 53] will be averaged out in the
far detectors. Therefore, their conclusion is rather similar to our IUV case with the severe
degeneracy problem in the θ23 octant determination.
The DUV and IUV effects may have significant impact on the CP violation measure-
ments [54–59]. In Fig. 5 we show the discovery reach of the standard-like CP-violating phase
δ for DUNE only (first column), T2HK only (second column), the combination of DUNE and
T2HK (third column) and the LENF (fourth column). The upper and lower panels represent
the frameworks of the DUV and IUV, respectively. Here ∆χ2 = |χ2(δ) − χ2(0◦ or 180◦)| is
defined as the absolute difference between the χ2 function at varying true values of the CP-
violating phase δ and χ2 at δ = 0◦/180◦. In the DUV (IUV) case, we have taken the mixing
angles as θ14 = θ24 = θ34 = 10
◦ (θ15 = θ25 = θ35 = 10◦). Since the additional CP-violating
phases δi4 (δi5) would contribute to the neutrino oscillation behavior in a sophisticated way,
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FIG. 6: Discovery reach of the effective new CP-violating phase δnew for DUNE only (first column),
T2HK only (second column), the combination of DUNE and T2HK (third column) and the LENF
(fourth column). The upper and lower panels represent the frameworks of the DUV and IUV,
respectively.
for simplicity, we only consider δ24 (δ25) as the effective new CP violating phase δnew and
take the other two phases to be zero. The variation of δnew gives rise to the blue bands in
Fig. 5. In a similar way, Fig. 6 shows the discovery reach of CP violation induced by the
effective new CP-violating phase δnew. The variation of the standard CP-violating phase δ
is shown with the blue bands. All the other undisplayed parameters are marginalized.
Fig. 5 shows that the discovery potential of standard CP violation taking into account the
DUV and IUV effects would be highly suppressed compared to the standard three neutrino
framework in all three experiments. In particular, the discovery potential of maximal CP
violation caused by δ would be degraded to the levels of 4.2σ (3.7σ), 5.6σ (6.2σ) and 7.4σ
(6.5σ) at DUNE, T2HK, and the LENF respectively for the DUV (IUV) case. As for the
results of Fig. 6, the discovery potential of maximal CP violation induced by δnew would
be reduced to 2.8σ (2.1σ), 3.7σ (3.1σ) and 5.0σ (3.2σ) at DUNE, T2HK, and the LENF
respectively for the DUV (IUV) case. In the respect, the LENF has the best performance
of measuring the CP-violating phases. We can observe that the LENF can still have an
excellent discovery reach of maximal CP violation with the sensitivities better than 6σ for
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δ induced maximal CP violation and better than 3σ for δnew induced maximal CP violation
in the presence of DUV and IUV effects. Comparing the simulation results between Fig. 5
and Fig. 6, we can observe that the discovery potential of CP violation induced by δ is
better than that induced by δnew. This is because the standard CP-violating phase δ have
more significant contribution than that of the new CP-violating phase as illustrated in the
perturbative expansion of the neutrino oscillation probabilities given in Ref. [26].
Because of the complementary roles of accelerator neutrino experiments with distinct
baseline, beam configurations and neutrino oscillation channels [60–63], it is powerful to
combine DUNE of the wide-band neutrino beam and long baseline with T2HK of the off-
axis narrow neutrino beam and medium baseline. The synergistic effects of the DUNE and
T2HK combination on the θ23 octant and CP violation in the presence of DUV and IUV
effects are illustrated in the third columns of Fig. 4, Fig. 5 and Fig. 6. We can find from
the third column of Fig. 4 that the degenerate solution of θ23 in the opposite octant region
appears at the 3σ C.L., and the precision of oscillation parameters is also improved. From
the third columns of Fig. 5 and Fig. 6, the discovery potential of maximal CP violation
caused by δ (δnew) would be 7.6σ (5.5σ) for the DUV case and 7.2σ (3.7σ) for the IUV case.
This observation demonstrates that the sensitivity of the DUNE and T2HK combination is
comparative to that of the LENF in the CP violation measurement.
Based on the above simulation results, we briefly summarize the feature of the impact from
DUV and IUV effects. First, at the oscillation probability level, the DUV is parametrized by
an additional mass-squared difference ∆m241 and the new mixing angles, which will lead to
the observable effects with both the rate and spectrum information. On the other hand, the
IUV only has new mixing parameters which will only affect the oscillation amplitudes in the
probability. In this regard, the new mixing angles and the standard neutrino mixing angles
(e.g., θ23) may have the same effects and will result in possible degenerate solutions to the
mixing angle θ23. Second, both the standard CP-violating phase (i.e., δ) and the new CP-
violating phase (i.e., δnew) can induce observable CP violation in the appearance channels
of neutrino oscillations. Therefore, the variation of one particular CP-violating phase in the
parameter space would induce ambiguity to the other one, and thus reduce the sensitivity
of the CP violation. Finally, we stress that an effective way to disentangle the effect of the
standard three neutrino framework from the DUV and IUV effects is to combine different
experiments with distinct baseline, beam configurations and neutrino oscillation channels.
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V. SUMMARY
New physics beyond the Standard Model could cause new effects on the standard three
neutrino oscillation paradigm. In this work, we have investigated the impact of one light
sterile neutrino (i.e., direct unitarity violation) and one heavy sterile neutrino (i.e., indirect
unitarity violation) in future accelerator neutrino facilities, DUNE, T2HK and the LENF.
We have obtained the exclusion limits in the sin2 θ14−∆m241 plane of the DUV scheme with
both near and far detectors. The near detectors are sensitive to the additional mass-squared
difference with ∆m241 & 0.1 eV2. In addition, with the help of the far detectors, we can
extend the exclusion limits to the smaller mass-squared difference region of ∆m241 . 0.1 eV2.
However, the IUV effect contributes to the amplitudes of oscillation terms and thus is only
sensitive to the rate information in both the near and far detectors. Regarding the test of
leptonic unitarity violation, we can obtain the levels of 0.06, 0.01 and 0.02 for the quantities
of [1−∑3i=1 |Uei|2], [1−∑3i=1 |Uµi|2] and [∑3i=1 UeiU∗µi] at the 2σ C.L. respectively.
Both the DUV and IUV effects, if unknown, may induce biased solutions for the three
neutrino mixing parameters, such as the octant of θ23 and the CP-violating phase δ. It is
observed that future accelerator facilities are rather robust against the DUV effect in the θ23
measurement, and the presence of the light sterile neutrino can not destroy the determination
of the θ23 octant at the 3σ C.L. for all the three experiments. However, the IUV effect will
be critical for the determination of the θ23 octant. It is noted that the introduction of the
IUV effect will induce degenerate solutions in the opposite octant region at the 1σ C.L. for
DUNE and 2σ C.L. for T2HK. However, the LENF can determine the octant of θ23 better
than the 3σ C.L.. As for the discovery reach of the CP violation, because of the ambiguity of
multiple sources of leptonic CP violation from δ and δnew, the discovery reach of CP violation
from one particular source of δ or δnew would be significantly degraded by the other one.
In the aspect, the LENF has the best performance of measuring the CP-violating phases
with the sensitivities better than 6σ for δ induced maximal CP violation and better than
3σ for δnew induced maximal CP violation in the presence of DUV and IUV effects. Finally,
we want to stress that the combination of experiments with different oscillation channels,
different neutrino beams and different detector techniques will be an effective solution to
the parameter degeneracy problem and give the robust measurement of the θ23 octant and
the leptonic CP violation even if the direct and indirect unitarity violation are taken into
15
account. We hope future accelerator facilities could help us to pin down the standard three
neutrino paradigm and search for new physics beyond the Standard Model.
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